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Heinodyiiain^^^ various functional changes in 

yt^ular! ije alteratibns in 

^ gene ;^xpnM»^ a c£s-acting 

IranscHjptionai'i^ elemenivtKe shear stire^ response 
element (SSRE), present in the promoters of several genes, 
that may represent a common pathway by which biome- 
chanics forces Influenc^^ expr^lon. In this stiidy, we 
. have «Laininedslh^^^ of shear stress on endothelial ex- 

;:vpircs!ddn^qf 

: m Im^ 

rlliioteiv'mdv oeU adhesion 

^^^el^oi^ the^RE, Gul- 

V.turedfhwnan^t^ to 

ST ph^iok^^ stresses 

(£5-45Id$^7m 

48 h, vshowed..to force-independent in- 

Vcreasc^ 

"^flCAM^^exj^^ Hras^i^^ 

^£ f^ithe^J)^^ re- 
-'Veaieiiflii^ 

protein - 

/ were 'mt tip any tinie point examined. This selec- 

tive regulation of a^esion molecule expression in vascular 

Vend theiiiim sugg^ that blomechanical forces, hi addition 
t hiimorfd stimulit 1^ to differential endothe- 

„ lial gene expression and thus represent pathophysiologically 

: relevant stimtiU ihVinflai^^ and atherosclerosis. (/ 
Clin. JnvesL \m^^ Key words: E-selectin « he- 
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Endpthelialjrey^i^iii^^ lining of blood vessels, 

are contiriua^^ forces, and< 

in ^articiilair^fluici^^ contact . 

with flowii)g^btood.''Expo^ cells to 

defined shear stresses in vitro induces morphological changes, 
as well as alterations in a variety of functionally important 
pipducts^ , indudin^^^^^^ l^acton;,; fibrinolytic factors, 

growth/acto^, ^and^^^^ ,2 ) , . A nuinber of ^these endo- 

theiialresp^nse^^ ? 
V at the:jjeyel^f^g<m^ 

differenc^jiffit^^^^ 
. some- btsiijg [qnif^^ ? .? 

hibit a^biph'!^ii;f»aUeni^p broad, rangev^^; ^ 

o^hiEia^^r^ 
f tems,^h& l«hirc^^^ 
endptheliumXIj ) . r 



sfieart^stresi^ ' 
v> of^lhetPDQg^Blg^^ r\ 
upregulatibr^^ 

lamin^sh^^i^ v}r 
the promote^ havejtbeen^^ v. ^ 

siidwn prcyiou^^ responsive'(3); ihiis.sug- . v 

gesting a cornmon,,raech^ismJinking;biomechanicai forces tu^ 
geiie expressicm; lntere^tingl)f,^ intercellular^ adhesion molecule- ; . 
I (ICAM i ), a meniber of the immunoglobulin superfamily of : 
adhesion ,moleciiiesi;^w^^ to contain the SSRE withinj i> 
. its prbmoicr^5j,,>vhile i^^^ cejl adhesion 

m6Iecii|erlt(>Yi^i^M-! )Ctw^^^ ehdotfielialrexpressed adhe- v ; 
sion molecules, (did not ( 6, 7 ) . these molecules appear to partic- 
ipate in the recmitment of various types of leukocytes into 
inflamed tissues and atherosclerotic lesions in vivo (8- 1 1 ) and 
are coordinately induced in cultured endothelium by humoral 
stimuli, such as cytokines and bacterial products, although with 
different expression kinetics (12, 13). To date, however, no 
comparative study of the regulation of these adhesion molecules 
by hemodynamic forces has been reported. 

In the current report, we provide the first evidence that 
physiologically relevant levels of laminar shear stress can differ- 
entially regulate the expression of endothelial-leukocyte adhe- 



1. Abbreviations used in this paper: FIA, fluorescence immunobinding 
assay; HUVEC, human umbilical vein endothelial cells; ICAM-1. inter- 
cellular adhesion molecule-l; SSRE, shear stre.ss respon.se element: 
VCAM-I. vascular cell adhesion molecule-l. 
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Experiment dmatnm 



sionm lecules. This selective upregulati n of ICAM-lJn con- 
trast t the coordinate induction of ICAM- 1 , VCAM- 1 , and E- 
selectin by soluble mediators, suggests that hemodynamic 
forces, in additi n to humoral stimuli, may play a significant 
role in vivo in pathophysi logical conditions such as inflanuna- 
ti n and atherosclerosis. 

Methods 

Ceil culture. Primary cultures of human umbilical vein endothelial cells 

(HUVEC) were established from nomial term umbilical cords as de- - '^ 

scribed previously (14). For experimental use, second passage cells \ 

were plated on tissue cullure-ueated polystyrene (Cosiar Corpj; Canf 
Cbndge. MA, and Modem Plastics. Pleabody, MA) coated with 0.1% 
Tgelatm (Difco Laboratories Inc., Detroit, Ml) and grown to confluency;: . 

in Medium 199 (with 23 mM Hep<»; GIBCO BRU Gaithm 

^supplemented with 10% FES (CISCO BRL), 2 mM glutamihe. y(X^:y--'^'^^V/.M^^.r^i. 244 



Table L Shear Stress Induces Ceil-Surface Expression of ICAM- 1 
in Cultured HUVEC 



CeU-surfacc immimobinding 
(RtHmscence uiuts) 



Static 



Shear stress 



Shear streW&taiit 



of human JY lymphocytic cells (15). kindly provided by Dr. T. Springer 
t (Center for Blood Research. Boston, MA), were maimained in RPMI 

¥ ' u iJ- f UcS'^i'"^*""? <wUh 25 mM Hepes; BioWhiltaken Inc.. Walkerevillc; 
I . 10% FBS, 20 mM glutamine. 100 U/ml peni' 



^^^f^|^L\??v:i^|^l)^n^^ _ 

^ ■ conc-^foialingidw^^ tm^^plotev ^ r. v^-- •r.^rir-'- -.^^ -r-,^* 

i Zrmih Jdiaincter poiystyiehe coVeriliiS'o^^^^'rf^^^!^ 





r*u/a* 



f.* i^.^" if.V^ 



/:t ^ and »vhere ti is medium vtscosily. u is angular velocity of cohe.'a is 
v C f radial location on cone, and,i/ is medium kinematic , 

, ^;^>^viscosit^ for ft <« I ■( 17 ). For the expcjriments > 

! repwtttl hcre;iBiiid mechanical parameters were adjusted such thai endGh 
. thelial monolayers were subjected to a laminar shear stress of 2.5-46 
dyn/cm for variable time Intervals. Dextran (476.000 mol wt. 1% wt/ 
vol: Sigma Chemical Company ) was u.ved to alter the medium vi.scosiiy. 
when required, and the viscosity was mea.sured with a coaxial cylinder 
viscometer at yPC ( Haake. Beriin. Germany ). Shear stressed and static 
monolayers were cultured in the same medium for each experiment. 
Control monolayers on covcrslips were maintained in cell culture dishes 
( C*>siar Corp.) under static ( no flow ) conditions at ITC in a humidified 
5% CO: and 95% air atmosphere for equivalent time intervals. 

Flutirrxcence immunohinding ussayiFlAl Endothelial monolayers 
were incubated on ice for I h with saturating concentrations of mAbs 
speciHc for human endothelial-leukucyte adhesion molecules (Hu 5/3. 
purified IgG. anti-human ICAM- 1; E 1/6, a.scite.s anti-human VCAM- 
I; HI8/7, purified IgG, anti-human E-selectin). followed by an FITC- 
labeled F(ab' )> onti- mouse IgG (Caltag laboratories. South San Fran- 
ci.sco. CA) for I h, then lysed with a 0.01% NaOH/0.19b SDS soluUon 
and fluorescence mea.sured in a Pandex plate reader (Travenol Labora* 
tories, Mundelein, IL). 
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i develops I i:tl 

^^':l;;>^!:(v^^i;iv;^^•^ Burtingamc,CA), . ' ^' C\.,J„.^. 

T : • ' - \ Northem blot analysis. Total cellular RNA was extracted from cndo-' 
1> , v ;***?''^'/J?'P"?P^^'* ^ guanidinium thiocyanate-phenol-chloro- 
"^^^^V f^^ Laboratories International. Inc.'. 

^ Frielndswdod^TO^ 

l%^agaro^ gels containing formaldehyde, transferred u> nitrocellulose 
, mcmb^ Inc.. Kcene. NH ) and hybridized 

■ ^wiifi huimm IGA^^^ or E-selectin cDN A probes labeled 1^^' 

la- ''P|dCTP ( Ainersliam Corp.. Arlington Heights. ILj. using random 
hexanucleotide primers ( Pharmacia LKB Biotechnology. Inc.. Piscata- 
way, NJ). The cDNA fragments used were as follows: a 1.8-kb Sail- 
Kpnl fragment of ICAM- 1 cDNA from pGEM4. kindly provided by 
Dr. T. Springer: a I.O-kb Xbal fragment of E-selectin cDNA from 
pCDM8: and a 1 .0-ko EcoRI/ BamHI fragment of VCAM- 1 cDN A from 
pBSMI3. kindly provided by Dr. T. Collins (Brigham and Wonien*s 
Hospital. Boston. MA). 

LeuiuKyte adhesion assay. Endothelial monolayers on 12-mm cov- 
crslips were coincuboted for 15 min at room temperature under static 
conditions in 24.well cell culture plains (Costar Corp.) with JY cells 
( 1.5 X 10' cells/ml), a human lymphocytic cell line which expresses 
an ICAM-l ligand. LFA-I (CDlla/CDI8) ( 15). in 75 /il of RPMI 
1640 plus 10% FBS. To remove unattached JY cells, each coverslip 
was washed by immersion three times in RPMI 1640 plus 1% FBS. 
then once in PBS. and fixed in 2% paraformaldehyde at 4°C. After 
staining with hematoxylin, adherent JY cells were counted in five ran- 
domly selected high power microscopic fields ( xlOO) on each of two 
coverslips for each controlled variable. 




m 
W 




, Shear stress upre^idates iCAM-i surface expression in a time- 
dependent an^^ manner. IGAM-1 expression 

the; surface of HUVEC monolayers which had been either 



,-nar:s^^ of. IO dyn/cm* for 4, 8, 24, and 48 h lwas 

^m^sur^^q^^^ by an FIA. Table r sunimanzeis|the 

^ results obtained from a total of 1 2 separate experiments in which 
confluent endothelial monolayers on multiple coverslips were 
simultaneously exposed to the same fluid shear stress or static 
c nditions. Significant elevations in cell-surface immunoreac- 
tive ICAM-l were observed as eariy as 8 h after the onset of 
shear stress and increased progressively up to 48 h. The maxi- 
mum level of ICAM-I expression induced by shear stress was 
comparable with that observed in HUVEC activated with a 
maximally effective concentration of recombinant hunum IL- 
1^ ( 10 U /ml ) (see Fig. 3 below ). Conditioned effluent medium 
c llected from the shear stress apparatus, at intervals ranging 
from 15 min to 24 h, failed t induce ICAM-I upregulati n 
when incubated with static HUVEC monolayers for 3 and 24 
h (data not shown). 

As illustrated in Fig. I, immunocytochemical staining of 
paraf rmaldehyde-flxed HUVEC monolayers subjected t lami- 
nar shear stress of 10 dyn/cm^ also demonstrated the progres- 



-kurface ICAM- I at 24 and 48 h. Mor- 
namely elongation and alignment || 
in the .flovv diiwtion> were clearly evident in these shear stressed I ;^ 
monolayers-at iiw HUVEC monolayer^ <|v:c 

exjposed to a^loWcrAevelof shear stress (3 dyn/cm^),f6r 24 h; 
displayed! a (similar, increase in surface ICAM-I expression, i : , 
without any idetectable elongation or alignmentsof the cells.; In.?., 
both of tHej^lJrc^ high (10 dyn/cm^) and low C3 dyn/.^ o 
cm^) shear stress conditions, ICAM-I induciion.was not uni- ^ 
form across the monolayer. 

To further investigate the potential force dependence of IC- 
AM-I induction, confluent HUVEC monolayers were exposed 
for 24 h to a broad range of laminar shear stresses (2.5-46 
dyn/cm^), comparable with those encountered in vivo in large 
vessels (18). In a series of 12 experiments, as illustrated in 
Fig. 2. significant increases in immunoreactive surface ICAM- 
1 exp;ession. measured by FIA, were observed at each level of 
shear stress tested; however, the amount of induction appeared 
to be independent of the magnitude of the applied force. 

E'selectin and VCAM-l are not upreguiated in HUVEC by 
shear stress. In c ntrast t the inducti n of ICAM-I by shear 
stress, n significant changes were observed in either E-selectin 
or VCAM-l expressi n, as measured by cell-surface FIA, at 
any time point (4-48 h) r shear stress level (2.5-46 dyn/ 
cm^) studied (data n t sh wn). In particular, as seen in Fig. X 
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0 2.5 



levelK (2.5-46 dyn/cm* ) . H U VEC monoluyers were either maintained ' 
under static conditions or subjected to various levels of laminar shear 
stress, as indicated, for 24 h. Cell-surface protein was determined using 
, "" a"^ fluorescence immiinobinding avsay.^as^itescTi^^^ Methods/ and 



Laminar shear stress selectively upregulates ICAM-I 
mRNA. Northern hi t analysis of RNA extracted from HUVEC 
revealed a marked increase in ICAM-t transcript levels as early 
as 2 h after the nset f shear stress, which was sustained at 8 
h and still elevated above static HUVEC at 24 h (Fig. 4). 
Rehybridizati n f the membrane with cDNA probes for 
VCAM-I and E-selectin did not show induction of these genes 
at any time point examined, consistent with the FIA measure- 
ments of cell-surface protein (see Rg. 3 ). 

Enhanced leukocyte adhesion to shear stressed HUVEC 
monolayers. The shear stress- induced surface expression of 
immunoreactive ICAM-1 suggested that HUVEC monolayers. 
. subjected to laminar shear stress might be more adhesive for 
leukocytes expressing iigands for ICAMr 1 '. To test this hypothe- - 
sis, HUVEC were exposed to 48 h.of shear stress and then' 
;. .coiiicubated in a standard^nnonqlayer^ac^ with JY 

. -Cecils, a hunuin lymphoblastoid/celljin^^ 
jCAM-l/iigand, LFA-t ( Cbi'l aycSill 8)^ 
cy tohrietry \ { data not sitown )/ . A ^thrwfold^i 
adhesion was observed to shear stressed HUVEC Versij 
monolayers, which was comparable with the upregulated IC- 
AM- 1 expression detected by FIA. Theseancreases in leukocyte, 
adhesibii were coniparable in' magnitude twitK thos^ seen 'in the ^: 




;V^s^#>ihi H cultures subjectedi t6:'i0:dyri^ 

• stress. "-'iV ^'^ ^-^'r^'^'- ^ 7 * i£V . : responds to a vanety of endogenous rnediatbrs.includmgbl 




HUVEC that Were not exposed to sKeivst^^ atioiis, whicH involve Inci^uses ( w deciv 



4000- 



lion 


3000- 


m 




nits) 




Ills 


2000- 


So 




II 


1000- 


1 






StatI IL-1 Shear 

E TSql ectl n 

(4hr) 



Stailc IL-1 Shear 

VCAM-1 

(24 hr) 



StatI 



Shear 



(48 hr) 



>/v"^^'^" ''^ 'c- . • ' , 

Figure J. Peak cell-surface expression of en- 
dothelial -leukocyte adhesion molecules in 
HUVEC subjected to IL-1/3 or shear stress. 
HUVEC monolayers were maintained under 
static conditions, exposed to laminar shear 
stress ( 10 dyn/cm' ). or treated with a maxi- 
mally effective concentration of IL-I^ ( 10 
U/ml ) for tii:^ periods corresponding to the 
peak cytokine-induced surface expression of 
-•selectin(4h). VCAM-I (24h).orlCAM- 
I (48 h), respectively. Cell-surface protein 
was measured using a fluorescence immu- 
nobinding assay. a.s described in Methods, n 
= 3-4 replicate coventlips for each con- 
trolled variable: data expressed as mean±SD. 
*P < 0,01 stimulus versus static (Student's 
r test). 
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::xpression, at the level of both message and celi-surface protein, 
after exposure to laminar shear stress at all times examined, 
argues strongly against the induction of an endogenous cytokine 
(e.g., \L-\fi or IL-la) as an autocrine mechanism of activation 
in this system. Finally, the correlation of the shear stress induc- 
ibility of ICAM-I with the presence of the SSRE in its promoter 
region, and, conversely, the noninducibility of E-selectin and 
VCAM-I, two endothelial-expressed genes that lack the SSRE, 
further suggests that this putative genetic regulatory element 
may be pathophysiologically relevant. ^ ^ 

Recent studies in several laboratories have implicated vari- 
ous transcription factont, including NFkB and related Rel family 
members, as well as AP-I and GATA binding proteins, in the 
regulation of ICAM-I, E-selectin, and VCAM-I expres.sion by 
cytokines (23, 24). Certain of these /mz/.v-acting factors also 
have been found to be modulated in endothelial cells by shear 
stress ( 3, 25 ), but their direct inyplvement in the.t^^ 
■ regulation' of shear stress-resppnsiye' gen'e.s' in'e^ . 
-not yet been demonstrated. Gel' shift experiments^' using a' 30- ' 
"bp probe encompa.ssing the SSRE m the ICAM-1 promoter, ' 
in parallel with a comparable SSRE probe from the PDGF-B 
promoter, have revealed the formation of similar DNA-protein 
complexes with nuclear extractsffaenveH^^^^^^ stressed . 



^Fii(iire^^'iiottheTn blot analysis of adh&sioh^moleciileVi^ byf -l 

. shear. Stress in HU V EC. : HIJ VEC rnpnolayeni wereyeilte.' mainia > ' 
under static conditions or exposed to laiiiinar shear stres^^ ( lO dyn/cm~) 
>fciTt2,^,iqr 24^h^^^ ^ - ; 

; analYsVs as , described Jn ;Methuds: and each; lane 
'//galicjuotif (^«^^^^ 

' nbosonitJ' RN A )V' TTiemembraw sequential lyth'^^^ 
^diola^>eled cDN A^pirabw 

of key biological effector molecules, are, dependent directly on 
gene expression. The recent discovery of a shear stress response 
elenieht in the promoter of the PDGF-B chain gene, which; is 
shared by other shear .stress^inducible endothelial genes (3). 
provides a poteiitial rgenetic regulatory m^rchanism to explain 
certain' of these biomechanically induced changes. • ^ 

In our initial database search, the SSRE core sequence (GA- 
G ACC ) , defined to be functionally important for human PDGF- 
B chain responsiveness to shear stresses in vitro, was also found 
in the 5 ' flanking region of the human ICAM-I gene ( 5 ), which 
previously had not been reported to be shear stress inducible. 
Given the current interest in regulation of adhesion molecule 
expression In endothelial cells and their broad pathophysiologi- 
cal implications, we undertook the studies reported here to ex- 
amine the shear stress inducibility of ICAM-1, as well as E- 
seleclin and VCAM-I, in cultured HUVEC. Several findings 
are of note. First, the differential pattern of adhesion molecule 
expression elicited by laminar shear stress is in c ntrast with 
the coordinate activati n profile typically observed in cultured 
HUVEC with cytokines such as TNFa, IL- 1 0, r bacterial end - 
toxins (9, 12, 13), thus suggesting that distinct transduction 
pathways and /or transcripti nal and posttran.scriptional regula- 
tory mechanisms are involved. Second, the lack of E-selectin 




process Jyil^req experiiiipfital/a^^^ $ 

V preyibuli jy^foi^die PP!GF-3^ gene, ( 3 ) .iRecenr rej^^ V: 
deipbnsiraie^ 

, lial genes (e.g., PDGF-B, bFCpr e^^^ ^] 

^; ■ moduliii ) by shear streiiH;|26^ 

,r tioh tpilow^d.by dow^^^ 

f ^thelinr 1^ the dccre&ej in stea^ 

: dowiiregulation of trsmscnption . 
the promoter that do^s^ no^ ;is J: 5 

'/ becoming apparent that the ^ 
shear stre.ss-responsive eridothelial genes riiay^^^^^ ' * 

a complex interplay, of .synergistic and antagonistic factors, , 
many of which remain to be characterized., ^ > ^ 

In this report, we have dembnstrated,a,selectiye,upregulaiiim \- \ 
of ICAM-I in cultured HUVEC exposed , to, a brpad range of 
laminar shear stresses ( 2!. 5 -46 dyn/cm:). In the;same HUVEC ^ 
monolayers, E-selectin ( vifhich is normally a silent gene ) ( 1 2 ) 
and VCAM- 1 { which shows a relatively low level of constitu- 
tive expression) ( 13) remained unchanged in response to shear 
stress. Recently, however, VCAM-1 has been reported to be 
downregulated in a cultured line of murine endothelial cells, 
derived from lymph nodes, in response to increasing levels of 
shear stress in the physiologic range (0-7.2 dyn/cm") (30). 
Of interest, in contrast to the HUVEC cultures used in our 
study, this murine endothelial cell line shows a high level of 
constitutive VCAM-I expression. These intrinsic differences in 
VCAM-1 expression or, conceivably, other properties related 
to the distinct tissue sources of the endothelial cells, may ac- 
count for the different effects of shear stress ob.served. 

In this study we have used a single shear stress regime, 
namely lamitiar flow, as a model system in which to .study the 
response of endothelial cells to a defined biomechanical force. 
These experiments actually represent step functions in which 
endothelial cells are changed from static to shear stress condi- 
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fVj^urt' 5. ICAM-1 induction by shear stress in HUVEC is coitelated with'an increased adhesion of JY cells. HUVEC monoldyehi* were exposed 
to laminar shear stress ( 10 dynycm^ 48 h) or treated with ILA0 ( 10 U/ml« 24 h)* and then were incubated in a standard adhesion assay with 
human JY cells, a lymphocytic cell line that expresses the ICAM-I ligond. LFA-I (CD! la/CDI8), as described in Methods. Adherent JY cells 
©^ .^v^^^S iMl*^ randomly selected high. power ( x iM^)/fiiyjiJ^ variable. JCAM- 1 cell-siirfai^Sif/p' 

--'^^"^^^^^hiij^^:^^ , — ii-i w.. - «: — -«-:„-^.-i?i.:k:-L::ijj^L-f^^ Methods. Data are presenled as meaniSpT' ~^ ' ' ^^-^^ 




emagnitild^,^iu^^^^^ 

i'^'^?^'^;/';;/^;v^^ has fluctuations in both its tcirtpp-Sl'ancfS^tial'''^^^ 

^IS^ entry into c^n^cycte:(32Wbutiys , 

'il ' ihdistiiieuishable from laminar shear stresv in *' rv^oiilntm^ ' . "1 -'f^-i ^v.. 



indistirigiiishable from laminar shear stress' in 'regulatmg the 
• , ^ ^ expression of various genes» including PDGF-B; bFGF^end(K. 
: ' !^^^^ ^^^^^^^^^^ (26-28). In vivo/ihe en^ddihe^^ / 

f V, i " ' liiim. is exposed to complex shear stress pattieras, due^ 

^ pulsatile flow of blood through a branched tubular nWwork 
; '^^'':^{}}\. In an in vitro disturbed laminar flow field, created |^ithin 
' / J ' th^^ cone and plate apparatus and desigiied to iiiimic;Tn vivo^, 
J ' wall shear stress patterns at arterial; bifurcations; the locfalized 
responses of the endothelial monolayer were found to vary with 
the shear stress gradient, rather than the absolute force (34). 
Thus, it will be instructive to compare the modulation of ICAM- 
I expression in endothelial cells exposed to various flow re- 
gimes, including pulsatile, turbulent, and especially disturbed 
laminar flow. Such studies hopefully will provide insights 
into the potential relevance of shear .stress-induced endothe- 
lial changes in different pathophysiologic settings (e.g., athero- 
sclerotic lesions that typically develop in arterial geometries 
a.ssociated with flow disturbances, or inflamed microvessels in 
which flow is acutely increased). In additi n, characterization 
of the nature of effective shear stress stimuli may lead I a 
better understanding of the cellular tran ducii n mechanisms 
that link these externally applied forces to genetic regulat ry 
events (35). 

In conclusion, we have demonstrated that leukocyte adhe- 
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